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Coupled proton and electron transferCytochrome c oxidase (CcO) is the terminal enzyme of aerobic respiration. The energy released from the
reduction of molecular oxygen to water is used to pump protons across the mitochondrial or bacterial
membrane. The pump function introduces a mechanistic requirement of a valve that prevents protons from
ﬂowing backwards during the process. It was recently found that Glu-242, a key amino acid in transferring
protons to be pumped across the membrane and to the site of oxygen reduction, fulﬁls the function of such a
valve by preventing simultaneous contact to the pump site and to the proton-conducting D-channel (Kaila V.
R.I. et al. Proc. Natl. Acad. Sci. USA 105, 2008). Here we have incorporated the valve model into the framework
of the reaction mechanism. The function of the Glu valve is studied by exploring how the redox state of the
surrounding metal centers, dielectric effects, and membrane potential, affects the energetics and leaks of this
valve. Parallels are drawn between the dynamics of Glu-242 and the long-standing obscure difference
between the metastable OH and stable O states of the binuclear center. Our model provides a suggestion for
why reduction of the former state is coupled to proton translocation while reduction of the latter is not.© 2009 Elsevier B.V. All rights reserved.1. IntroductionA pump is a device that transfers matter from a low to a high
potential of the transported entity. This requires an input of energy
that exceeds the potential difference by the energy that is lost as
dissipation of heat to the surroundings. To minimize leaks, biological
pumps have evolved to operate with very high efﬁciency. Cytochrome
c oxidase (CcO) is a proton pump, which uses the energy released by
oxygen reduction at high efﬁciency. CcO reduces molecular oxygen to
water in a stepwise reaction. Electrons are donated, one at a time,
from the soluble cytochrome c on the positively charged side of the
membrane (P-side), and conducted by the redox active CuA site to a
low-spin heme a center in the membrane (Fig. 1) [1–3]. This process
leads to proton transfer from an amino acid located at the end of theand GH/gH, deprotonated and
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ll rights reserved.proton-conducting D-channel, Glu-242, to a pump site (or a proton-
loading site, PLS) located above the heme groups [4,5]. Protonation of
the PLS raises the midpoint potential of the binuclear heme a3/CuB
site of oxygen reduction, which accepts the electron from heme a and
a second proton from Glu-242 [4,5]. The resulting charge neutraliza-
tion at the binuclear site causes the proton at the pump site to be
released to the P-side of the membrane [4–7].
The reaction cycle of CcO can be divided into an oxidative and a
reductive phase. The oxidative phase starts by binding of O2 to the
reduced binuclear site, and cleavage of the O–O bond by transfer of
four electrons and one proton to molecular oxygen within the site. In
the resulting PM state, the oxidizing potential of O2 has been
transferred to the active site where the heme is in the highly oxidizing
ferryl state, CuB is cupric, and a conserved tyrosine forms a neutral
radical [8]. Then, the site accepts two electrons and two protons from
cytochrome c in two separate reaction steps, with an intermediate F
state, ending up in the ferric/cupric O state. In the reductive phase,
two additional electrons (and two protons) are transferred to the site
to regenerate its ferrous/cuprous form that binds the next O2
molecule. Each of the four one-electron steps in the catalytic cycle is
additionally coupled to pumping one proton across themembrane [9].
As described above, Glu-242 works as the terminal proton donor of
the pumped proton in both phases, but another proton-conducting
channel, known as the K-channel (named after Lys-319) is employed
for the uptake of chemical protons in the reductive phase [10–12].
In the available X-ray structures of CcO, the side chain of Glu-242
points “down” towards the D-channel [13–16]. It was therefore
Fig. 1. Redox groups and their relative positions in the membrane.
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conformation to make proton transfer possible to the proton-loading
site, and the binuclear site, as ﬁrst implied by Iwata et al. [13], and for
which experimental and theoretical evidence was provided [17,18].
Pomès et al. studied the energetics of different rotational isomers of
Glu-242 [19], and concluded that their energy difference is small,
supporting a kinetically feasible isomerization. Tuukkanen et al.
captured the rotational isomerization of the protonated side chain for
the ﬁrst time in unbiased molecular dynamics simulations, and
showed that the conformation of Glu-242 depends on the number of
water molecules in the nonpolar cavity above it [20]. In a recent
theoretical study, Pisliakov et al. [21] found that the rotation of Glu-
242 facilitates proton transfer to the D-propionate of heme a3, and
provides unidirectionality to the proton transfer process.
Mechanistically, the largest danger of a proton leak occurs when
Glu-242 has transferred a proton to the binuclear site after the pump
site has been protonated. Kaila et al. showed by molecular dynamics
simulations that when Glu-242 is anionic it ﬂips within 1 ps from an
“up” conformation to a “down” conformation breaking connectivity to
both the pump site and the binuclear site [22, 23]. The energetic
barrier for the up-ﬂip of the anionic Glu-242 was shown to be at least
5.7 kcal/mol, thus providing a mechanism for preventing this
potential leak. In the present study this valve mechanism is
incorporated into the reaction sequence of CcO to derive new free
energy diagrams for a single proton-pumping sequence [see 24,25].
For understanding how proton translocationworks in CcO, it might
be instructive to study mutant enzymes and non-physiological states
of the wild type enzyme in which electron transfer is not linked to
proton-pumping. For example, the physiologically active but meta-
stable OH state of the catalytic cycle relaxes into a stable O state when
an external electron donor is lacking [9,26,27]. The O state can be
further reduced to the E and R states, but neither transition is linked to
proton translocation [26]. Furthermore, certain D-channel mutants,
e.g. N139D, have been constructed, which have normal or even
increased catalytic turnover, but lack the ability to pump protons
[28,29].
In this work prevention of leaks in the proton pump will be
discussed in terms of the Glu-242 valve model. Electrostatic effects of
the redox active groups are explored, as well as the effect of
membrane potential on proton-pumping.2. Models and methods
2.1. Model
The reaction sequence of a proton-pumping event according to
recent time-resolved experiments [5] is summarized in Fig. 2. Roman
numerals distinguish intermediate states as in recent work [24,25],
but substates describing the dynamics of Glu-242 have been added.
The notation used for the proton-loading site (PLS) is XH and X− for
the protonated and deprotonated forms, respectively. Glu-242 is
described by four states, gH, GH, g−, G−, which stand for Glu-242 in
its protonated (GH/gH) and deprotonated (G−/g−) “down” (g) and
“up” (G) forms, respectively. The binuclear center is described by three
different states, viz. B (oxidized), B− (reduced=B+1e−), and BH
(reduced neutral=B+1e−+1H+). For simplicity, the electron
transfer from cytochrome c to heme a (via CuA) is not included
explicitly.
In the ﬁrst state of the cycle (IIa), Glu-242 is protonated in the
“down” conformation (gH), and heme a is reduced (Fig. 2). In the
following step, Glu-242 ﬂips “up” (GH), in which case it has
connectivity to the PLS via water molecules. Then Glu-242 donates
a proton to the PLS, leaving the anionic Glu (G−) and a protonated
PLS (XH). Within 1 ps, Glu-242 ﬂips down (g−), and is protonated
via the D-channel (gH). The midpoint potential of heme a3 is raised
due to protonation of PLS, which allows for electron transfer from
heme a to heme a3 [24,25]. The protonated Glu-242 in the “down”
conformation (gH) reisomerizes to the “up” conformation (GH), and
donates a proton to the BNC. Glu-242 is again rapidly ﬂipped to the
“down” conformation (g−) to prevent back-leakage of the proton at
the pump site, and thereafter reprotonated via the D-pathway (gH),
which facilitates proton release from the PLS to the P-side of the
membrane. Reprotonation of Glu before proton release from the PLS
to the P-side has previously been suggested by e.g. Popović and
Stuchebrukhov [30].
2.2. Free energy diagrams
2.2.1. Constraints on thermodynamic levels
The free energy diagram generated here extends the diagram
published earlier [24] with the thermodynamic behavior of the side
chain of Glu-242 [22,23]. In the earlier analysis it was not necessary to
assign a pKa value for Glu-242. In contrast, we now estimate the pKa
values for Glu-242 based on literature data (see below) and our MD
results [22,23], and assign approximate pKa values of the PLS and
different states of Glu-242 in other than the ground state on the basis
of electrostatic interactions (see below). The overall energy drop for
the reaction is estimated to be 10.6 kcal/mol [24], or 7.7 pK-units (Fig.
4). The pH in the aqueous phases on both sides of the membrane was
set to be 7.
For the thermodynamic ground state of Glu-242 we choose its
“down” conﬁguration (g) when heme a is reduced, the BNC oxidized,
and the PLS deprotonated. In this statewe set the pKa value at 10 based
on kinetic and FTIR-experiments suggesting a value higher than 9.5–
10 [31,32], and electrostatic calculations, which suggest a value ∼14
[33–36], but see [30,37]. The exact ground state pKa of g does not
affect the overall energy drop in one proton-pumping step, but it
affects the relative free energy differences between the states in the
cycle. Based on the thermodynamic cycle for the isomerization of the
Glu-242 side chain [22], the ground state pKa of Glu-242 in the “up”
conﬁguration (G) is then ∼14.0, but when the electron moves from
heme a to the BNC (B− state) the pKa is lowered to ∼U12.7. In other
states, the pKa value of Glu-242 is perturbed according to Coulombic
coupling,
ΔpK =
e2
4πee0kBT ln 10ð Þ
1
r
 
; ð1Þ
Fig. 2. Schematic representation of the sequence of events in a proton-pumping cycle.
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between the interactants, the other symbols having their usual
meaning. (Note that the corresponding equations 5 and 6 in ref. [24]
were erroneous, lacking the ln(10) term in the denominator.) At
ambient conditions, the pre-factor is 243.1 Å/ɛ.
The proton-loading site (PLS or X) is assumed to be the A-
propionate of heme a3 [24,25]. However, e.g. His-291, which also
has been suggested to be a plausible PLS [7,38,39] (but cf. [40–42]),
is located approximately at the same dielectric depth as the A-
propionate of heme a3. In a recent paper by Sugitani et al. [43], in
which experimental results by Belevich et al. [4,5] were analyzed, it
suggested that in addition Trp-164, and Arg-473/474 might be
possible candidates for a proton-loading site. The ground state pKa
of X was derived from experimental boundary conditions [24],
which suggest a value of ∼5.3 when all centers are oxidized (or
“neutral”) and Glu-242 is protonated, but rises to ∼9.0 when the
electron is at heme a. Continuum electrostatic calculations have so
far not supported such pKa variation of the A-propionate of heme a3
[35]. This discrepancy might be due to lack of speciﬁc redox-state
dependent protein dynamics, which are not captured by these
calculations, but might play a crucial role in shifting the pKa of X (V.
R.I. Kaila et al., unpublished data). Although quantum chemical
studies have shown that the charge delocalizes on a large area of
the heme groups and CuB [44,45], it was here assumed for
simplicity that the pK-perturbations are caused by unit charges
residing on the metals ions, the A-propionate of heme a3 in the
case of a protonated PLS, or on the carboxylate of Glu-242 when
unprotonated.
As a ﬁnal constraint, we have assumed that the energy drop from
the initial state (IIa) to state IIIc, i.e. for the transfer of the pumpedproton from pH=7 on the N-side of the membrane into the PLS, is
2.0 pK-units. This follows from the observation based on experiments
that the pKa of the PLS rises to ∼9.0 when there is an electron at heme
a, and when all other sites remain neutral [24, see above].
2.2.2. Dielectric constant
The above constraints seem reasonable because they are imposed
by experimental results, by the thermodynamics of the side chain
isomerization of Glu-242 as calculated by MD simulations, and by
application of Coulomb's Law for the site-to-site electrostatic interac-
tions. However, when applying these constraints with a single value
for the dielectric constant (ɛ), its value becomes less than unity which
is unphysical. On the other hand, it has been clearly recognized that
the dielectric constant within proteins is not uniform [46–48]. We
therefore use different dielectric constants ɛ1 and ɛ2 for the
interactions between the heme groups and the PLS (ɛ1), and between
Glu-242 and all other centers (the PLS and the two hemes; ɛ2),
respectively. The energy levels of the sequence of reactions impose a
relation between the two dielectric constants (see Fig. 3) of the form
a/ɛ1+b/ɛ2=c, where a, b and c are constants determined by the
structure, Eq. (1), and the constraints (section 2.2.1). The interactions
between Glu-242 and the other centers will be mediated by the water
molecules in the cavity above this residue (see Introduction), andmay
therefore be expected to have a higher dielectric constant (ɛ2) than
that governing the interactions between the heme groups and the PLS
(ɛ1). It is of paramount importance for the proton pump mechanism
that Glu-242 has a sufﬁciently high pKa when accepting a proton from
the N-side of the membrane, also in the case where there is a high
membrane potential that tends to lower the pKa [24,25]. Therefore, we
have chosen the pair of ɛ values such that reprotonation of Glu-242 is
Fig. 3. The dependence between dielectric constants ɛ1 and ɛ2 imposed by the energetic
constraints.
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Results). For the current analysis we have thus chosen ɛ1=3.8 in
which case ɛ2=33 (Fig. 3), both of which seem reasonable for the
interior of a protein [48]. For example, in continuum electrostatic
calculations, the protein interior and water-ﬁlled cavities are usually
described by ɛ=4, and ɛ=80, respectively (e.g. [30,34–37]).
2.2.3. Kinetic barriers
Transition state theory was employed for estimating activation
energies (Δg⁎) from the rate constants (k) between transitions. The
rate of a transition is then,
k = k0exp −Δg
T
= kBT
 
ð2Þ
where the pre-factor was assumed to be 6.4 ps, and T=310 K. The
rates for “up” and “down” ﬂips of Glu-242 were taken from MD
simulations [22], and other values were based on experimental data
[5]. The protonation of g− from the D-channel is known to occur
rapidly although an explicit rate is not available; a time constant of
0.5 ns was used, which seems reasonable, but which is not critical for
the present analysis. It was also assumed that g− is protonated prior
to the heme–heme electron transfer, for which a rate of 1.2 ns was
taken from time-resolved experiments [49, 50].
2.2.4. Effect of electric membrane potential
Themembrane potential Vmwas assumed to increase linearly from
the N- to the P-side of the membrane, which causes a perturbation in
free energy by Vm(d/L) on a group located at a distance d from the N-
side of the membrane, where L is the thickness of the membrane
dielectric. The net perturbation for transferring a proton from d1 to d2
is thus, Vm(d2−d1)/L. In our analysis we have assumed that the
fractional distance d/L is 0.67 for G, 0.53 for g, 0.67 for BNC and 0.83
for the PLS, which are similar to the ones previously used by Belevich
et al. [4,5], and Sugitani et al. [43]. As already mentioned, we have
neglected the electron transfer from the CuA center to heme a for
simplicity. The electron transfer between heme a and the binuclear
site considered here will not be signiﬁcantly affected by the
membrane potential as it occurs parallel to the membrane.
2.2.5. Proton-pumping without a valve
To test the signiﬁcance of the proposed valve function of Glu-242,
we adjusted the unperturbed free energy levels to be equal for all
states of Glu-242. Otherwise, the same assumptions were used as
described above.2.2.6. MD simulations
The equilibrium constants and kinetic barriers for the downﬂip of
Glu-242 were calculated in our previous study for a system in which
the electron is located either on heme a or the BNC (PM or PR states,
respectively, for the BNC). To test whether these results hold for a
system where there is no electron in heme a, and the BNC is
oxidized, several short runs and a 10 ns MD simulation were
performed of a state with heme a oxidized and the BNC in the PM
state (FeIV_O/CuBII–OH Tyr–O⁎). The simulations were done, as
before, in the MD-package NAMD2 [51] using the CHARMM27 force
ﬁeld [52], and our in-house derived parameters for the redox groups
[44]. The MD-model was built from subunits I and II of CcO from Bos
taurus PDB entry 1V54 [14]. The temperature was controlled using
Langevin dynamics with T=310 K. A 1 fs integration step was used
with a 20 Å cutoff for electrostatics. Trajectories were analyzed in
VMD [53]. Ionizable residues were in their standard protonation
states; except for Asp-364, and Lys-316 which were in their
protonated forms [54], and Glu-242, which was studied both in its
protonated and deprotonated form. In addition, four water molecules
were added both below and above Glu-242, as described in [22]. All
atoms were allowed to move during the MD simulations; no
restrictions on movement were imposed.
3. Results
3.1. Free energy diagram without membrane potential
The free energy diagram for a proton-pumping sequence is
presented in Fig 4. The redox state of heme a is not explicitly
indicated, but can be seen from the redox state of the BNC, heme a
being reduced when the BNC is in state B, and oxidized when the BNC
is in states B− or BH (see Fig. 2). The kinetic barriers for each
transition are shown as short black lines for the computationally
determined barriers, and as red lines for the barriers directly taken
from the time-resolved experiments in [5]. The shaded transitions
between states Va, VIIIa and VIIIb describe a potential leak pathway to
be discussed separately (see below).
In our previous simulations of the dynamics of Glu-242 [22] we
only considered systems in which either heme awas reduced and the
BNC oxidized, or heme a oxidized with a charge-uncompensated
electron in the binuclear site. As discussed in the Methods section, the
dynamics of Glu-242 might be different without an uncompensated
electron in the system. Fig. 5 summarizes the results from MD runs of
the anionic glutamate in such conditions, i.e. where heme a is
oxidized and the BNC is in the PM state. The characteristic time of
downﬂip of the glutamate is indeed somewhat increased, from ∼1 ps
[22] to 2.4±1.6 ps (averaged over nine MD runs) (Fig. 5a). This
relatively small effect may be ascribed to the loss of electrostatic
repulsion between an electron at heme a and G−. However, the
glutamate side chain remains in the down position for at least 10 ns
after the downﬂip (Fig. 5b), which still sets the lower bound for the
equilibrium constant (“down”/“up”) to 104. We conclude, therefore,
that the unique dynamic and thermodynamic behavior of the anionic
side chain of Glu-242 is not limited to cases where there is a charge-
uncompensated electron in heme a or the binuclear site (as in the
IIIa→ IIIb transition; Fig. 2), but also applies to the later Va→Vb
transition in the sequence (see below).
The free energy proﬁle (Fig. 4) begins with the IIa→ IIb transition
in which the protonated side chain of Glu-242 ﬂips up from its down
position, a step that is isergonic when the electron resides in heme a
[22]. In the next step (IIb→ IIIa), Glu-242 donates its proton to the PLS.
The pKa of Glu-242 has here its ground state value of 14. The pKa of the
proton acceptor, the PLS or X, was deduced on the basis of
experimental data as follows: State IIIc is at an energy level close to
−2.0 pK-units [24, see above], and is set at this value. In IIIb→ IIIc the
pKa of Glu-242 in the down position (g) is shifted to 9.6 from its
Fig. 4. Full free energy level diagram of one proton-pumping step in the absence of an electrochemical gradient across themembrane. The gray shaded parts of the diagram describe a
potential leak pathway, as discussed in the text. Red barriers arise from experimental data [5], black barriers from computational results (see text).
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Consequently, the energy level of intermediate IIIb will be at +0.6 pK-
units. The level of state IIIa is then+4.6 pK-units due to the energetics
of the G−→g− transition [22]. Using the pKa of G set above (14.0),
the pKa of the PLS (X) will be ∼9.4 in the IIb→ IIIa transition. This
endergonic transitionwill be driven by an overall exergonic transition
to IIIc.Fig. 5.MD simulation of the anionic Glu-242. a) The downﬂip of Glu-242 takes place on a ps
10 ns.The free energy change of the heme–heme electron transfer
(IIIc→ IVa) was derived from experimental data, which showed that
the electron resides in the BNC and in heme a in a 60/40 proportion
when the PLS is protonated [5]. Then, in terms of our model, Keq=
([IVa]+[IVb]) / ([IIIa]+[IIIb]+[IIIc])=1.5, from which a free
energy drop of 0.16 pK-units can be derived for the IIIc→ IVa
transition (Fig. 4).-time scale. b) After the downﬂip, Glu-242 remains in a down conformation for at least
1210 V.R.I. Kaila et al. / Biochimica et Biophysica Acta 1787 (2009) 1205–1214The free energy level of state IVb (−0.9 pK-units) is set by the
energetics of the isomerization of the neutral Glu-242 side chain in the
case where the electron resides at heme a3, and IVb→Va is
determined by the ΔpKa between G and the BNC. The pKa of G is
now offset from the ground state value to ∼12.2 by the proton at X,
whilst the pKa of the BNC is determined by the constraints of the rest
of the reaction, as follows:
The ﬁnal state (VI) is set at−7.7 pK-units (seeMaterials). Since the
pKa of X is ∼5.3 in the ground state [24; see above], the level of Vc will
be determined as −6.0. The pKa of g in state Vb is offset from the
ground state value of 10 to 9.1, due to interaction with the protonated
PLS and the absence of an electron at heme a, which sets the level of
Vb at−3.9 units. Due to the energetics of the side chain isomerization,
the level of Va is then+0.1, lying 4 pK-units above the level of IVb. The
free energy increase of 1 pK-unit from IVb to Va then determines the
pKa of the BNC to be ∼11.2 in this transition, which is considerably
lower than the value estimated previously [24]. However, this
apparent discrepancy may be explained by the fact that protonation
of the BNC (IVb→Va) will be strongly “driven” by the following two
exergonic reactions, in which the anionic Glu-242 side chain ﬂips
down (Va→Vb) and becomes protonated from the N-side of the
membrane (Vb→Vc), neither of which effects were previously
considered.
3.2. Effect of decoupling mutations in the D-pathway
Mutations in the D-channel that cause loss of proton-pumping
(see Introduction) may also be understood in terms of the Glu valve
model. Such mutations may cause slower proton conductivity of the
D-channel, thus increasing the kinetic barrier for the transition
between states Vb and Vc. Such an effect will increase the
occupancy of the vulnerable Va state, and create a higher risk for
leaks (see [24,55]). According to Fig. 4, such an effect will increase
the occupancy of intermediate Va by about two orders of
magnitude, which might be sufﬁcient to explain the almost
complete loss of proton-pumping in these mutants. However, a
high electric membrane potential will have an analogous effect (see
below). Hence, our model raises the suspicion that a block of proton
transfer in the D-pathway might also change the equilibriumFig. 6. Thermodynamic levels with (red) anconstant of the G−/g− transition (the Va/Vb equilibrium) in
favor of state Va, which is particularly vulnerable to leakage (see
Discussion).
3.3. Effect of membrane potential
Pumping protons against a membrane potential evidently requires
more work than pumping without a gradient. Therefore, also back-
leakage of protons from the PLS to Glu-242 (when the BNC is
neutralized) becomes more probable in the presence of a membrane
potential, thus endangering proton-pumping. The effect of a mem-
brane potential of 200 mV is presented in Fig. 6.
The exergonicity of the G−→g− transition is now lowered by
0.5 pK-units. However, because this transition is highly exergonic
without membrane potential, the thermodynamic preference for g−
over G− is still considerable at high proton motive force. The
membrane potential also causes protonation of g− via the D-pathway
to become energetically more difﬁcult. In the steady state, the
occupancy of the vulnerable Va state, relative to state Vc, is increased
by about two orders of magnitude compared to the case without
membrane potential. Although considerably higher than without the
opposing electrochemical gradient, it is still nearly four orders of
magnitude lower than for state Vc, which may be sufﬁcient to prevent
protons from leaking (see Discussion).
3.4. Pumping without a valve
Fig. 7 shows the situation where the isomerization dynamics of
Glu-242 lacks the proposed asymmetrical “valve properties”, i.e.
where its “up/down” equilibria are unity. Application of a membrane
potential destabilizes g−, making it more difﬁcult to reach compared
to G−. Thus, without the potential and in the limit of thermodynamic
equilibrium for the reactions preceding the rate-limiting step Vc→VI,
state Va approaches a relative occupancy of ∼10−2, demonstrating
that proton-pumping is much more vulnerable to leaks without the
Glu valve. With full membrane potential, state Va falls in a local
minimum and its occupancy approaches 0.5 in the limit of equilibrium
(Fig. 7). In such conditions the proton leak would be a favorable
pathway.d without (black) membrane potential.
Fig. 7. Thermodynamic levels with (red) and without (black) membrane potential in the absence of the Glu valve.
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between states OH and O
Since CcO is a water-producing enzyme, the produced water
molecules must escape the nonpolar cavity above Glu-242. The
maximum turnover of CcO is ∼1000 electrons/s i.e., 500 water
molecules are produced every second. Thus, the water molecules
cannot be thermodynamically too strongly bound to the cavity, as is
indeed found from theoretical studies [17,56]. Upon relaxation of the
metastable oxidized state of the binuclear site, OH, to the stable O
state, which occurs on a much longer time scale, it is therefore likely
that some water molecules will escape the nonpolar cavity. Escape of
water has been observed in MD simulations to take place via opening
of the Arg-438–D-propionate ion pair of heme a3 [57], which leads the
water molecules to the Mg/Mn-site [58,59], and further to the P-side
of the membrane. If there are no or too few water molecules in the
cavity between Glu-242 and the PLS, the latter cannot be protonated
due to the lack of a proton-conducting pathway. In addition, it was
previously shown that the protonated Glu-242 prefers to stay in a
“down” conﬁguration if the cavity has less than four water molecules
[20], again compromising proton transfer from Glu-242 to the PLS.
Since our model requires protonation of the PLS to allow a
thermodynamically effective electron transfer from heme a to the
binuclear site, both above scenarios would explain why eT from heme
a to the BNC is slow in the O→E transition [26].
Another possible explanation for the difference between states OH
toO is linked to the probability of proton leaks through Glu-242. It was
previously observed that the number of water molecules in the
nonpolar cavity both above and below Glu-242 strongly affects the
dynamics of the carboxylic side chain [22]. When Glu-242 is
deprotonated and the space below Glu-242 is dehydrated, the anionic
Glu could remain in an “up” conformation considerably longer than if
the enzyme is fully hydrated [22]. Such conditions are analogous to
the condition analyzed in Fig. 7, which result in an accelerated proton
leak.
It is known that reduction and re-oxidation activates the non-
pumping state O to a pumping OH state [26,60,61]. As this process
results in the synthesis of water, it further supports the notion that the
difference between the metastable and stable O states might simply
be in the hydration state of the active site.4. Discussion
The free energy diagram without membrane potential (Fig. 4)
shows the same major features as those of previous studies [24,25],
but with details among the major transitions, which highlight the
proposed mechanistic role of Glu-242 as a valve [22,23].
As shown by the transitions IIIa→ IIIb and Va→Vb in Fig. 4, the
downﬂip of the Glu anion is both fast and highly exergonic, both
properties being important factors in minimizing proton leaks (see
[22], and below). The ﬁnal release of the proton from PLS to the P-side
of themembrane (Vc→VI) is slow [5], which is why the states prior to
VI will approach thermodynamic equilibrium during steady-state ﬂux.
The proton in the PLS is therefore especially vulnerable to leak back to
G− in state Va instead of being released to the P-side of the
membrane, which would result in a loss of proton-pumping. Fig. 4
(shaded lines) depicts this leak explicitly in the absence of membrane
potential, where the proton in PLS has leaked back toG− in state VIIIa,
and where the resulting GH has ﬂipped into the “down” position (gH)
in state VIIIb. States VIIIa and VIIIb have been named after the
corresponding state VIII in a discussion on this proton leak by
Siegbahn and Blomberg [25]. The equilibrium approximation at steady
state requires that in order to prevent leakage, the transition from
state Va to VIIIa must be considerably slower than the productive and
rate-limiting forward reaction from Vc to VI, i.e. Va→VIIIa must be
slow enough not to be included in the quasi-equilibrium. Following
Siegbahn and Blomberg [25], we have set the minimum barrier to
prevent such leakage at 16 kcal/mol (11.3 pK-units at 310 K). This is
comparable to a transition which is two orders of magnitude slower
than the catalytic cycle turnover, and thus can be assumed to prevent
non-allowed pathways (cf. [25]). As seen in Fig. 4, the quasi-
equilibrium is strongly dominated by state Vc. The relative occupancy
of state Va is only ∼10−6, which lowers the required barrier for its
decomposition into VIIIa by ∼6 pK-units. However, if leakage is to be
prevented at a membrane potential of 200 mV (Fig. 6), where the free
energy difference between states Vc and Va is reduced to 3.8 pK-units,
an activation barrier of at least 11.3−3.8=7.5 units is required for the
step between Va and VIIIa (Fig. 4, shaded lines).
The resulting picture emphasizes the role of Glu-242 as a valve. In
the equilibrium approximation of steady-state ﬂux limited by Vc→VI,
and at 200 mV membrane potential, the barrier against leakage to
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downﬂip of G−. The remaining ≥7.5 pK-unit barrier between Va and
VIIIa must ﬁnd a different explanation. We may compare this
transition with the analogous back transition from IIIa to IIb (barrier
∼4.4 units); in both, a proton is transferred from the PLS to G−, but in
the latter case there is an electron at heme a. The different activation
energies imply that the electron at heme a stabilizes the transition
state by ≥3.1 pK-units. The activation barrier of the forward reaction
IIb→ IIIa (9 pK-units) is much lower than of the analogous reaction
VIIIa→Va (≥14 units), a difference of≥5 pK-units, further emphasiz-
ing stabilization of the transition state by the electron in heme a (cf.
[25,62]). Blomberg and Siegbahn [25,62] indeed recognized that the
electron in heme a stabilizes the transition state of proton transfer
between the N-side of the membrane and the PLS, and concluded that
it should be a positively charged transition state where a water
molecule near a neutral Glu-242 carries a proton. Interestingly, we
ﬁnd a very similar stabilization of the transition state (≥5 pK-units, i.e.
≥7.1 kcal/mol) for proton transfer from Glu-242 to the PLS, as found
in [25,62] for proton transfer all the way from the aqueous N-side to
the PLS. Hence, the transition state may differ from that suggested in
[25,62], to be discussed below.
Our ﬁnding that proton transfer back from the PLS to G− is also
stabilized by the electron at heme a, albeit less than in the forward
direction (see above), suggests that the proton in the transition state
may actually lie closer to heme a than to the PLS, contrary to the
proposal in [25]. Whether this transition state carries a net positive
charge, as suggested in [25,62], is a key question for the mechanism of
proton transfer. Siegbahn and Blomberg [25] excluded the possibility
that the transition state would be neutral overall, e.g. with anionic
Glu-242 and the proton at a nearby water molecule, because they
envisaged that such a transition state would not be sufﬁciently
stabilized electrostatically by the electron at heme a to prevent
leakage by the reaction V→VIII. As pointed out by the authors in
[25,62], the weakness of this proposal is that it gives no clear role to
Glu-242 in the process.
We have previously shown that the electron in heme a favors a
thermal ﬂuctuation, where the ion pair between the D-propionate of
heme a3 and its neighboring arginine dissociates [57]. The D-
propionate is believed to be the transient acceptor of the proton
from Glu-242 on its route to the PLS, and would obviously be a very
poor proton acceptor as long as the ion pair is maintained. On the basis
of this ﬁnding, the electron at heme awould be expected to reduce the
barrier for proton transfer between Glu-242 and the PLS by favoring
the state where the D-propionate acts as a proton acceptor. We
therefore maintain that the transition state may be neutral overall
with Glu-242 as the anion and the protonic charge perhaps
delocalized among water molecules organized as a single hydrogen-
bonded ﬁle between Glu-242 and the propionate, including the
propionate itself by a displacement current [63]. We note that apart
from giving a crucial role to Glu-242, our proposed transition state has
the further advantage that it will be virtually unaffected bymembrane
potential due to the relatively small charge separation perpendicular
to the membrane. Finally, we note that such a transition state is
consistent with the conclusion from time-resolved experiments that
the loading of the PLS is an internal proton transfer from Glu-242 [4].
In this context, it is also worth noting that the model discussed
here assumes a single discrete PLS. However, it seems quite likely that
the PLS is comprised of several protonation sites. In the step IIb→ IIIa,
the proton is likely transferred from Glu-242 to the propionate. After
this initial transfer, the proton may move further towards the P-side
into a cluster of ionizable groups within the hydrated cavity contain-
ing the Mg2+ site, located immediately above the BNC. Accordingly,
the kinetic barrier in the “back transition” Va→VIIIa would be higher
than that in the reversed “forward transition” IIIa→ IIb.
Considerations of possible leaks of the proton pump only from the
point of view of steady state ﬂux are incomplete. Such considerationsmake an equilibrium approximation in which the free energy levels of
individual states contribute in an important way to the overall
barriers, as seen above. However, such an analysis neglects transient
states that occur prior to reaching the steady state. For example, when
the reaction sequence considered here has reached state Va
(∼0.8 ms), but prior to establishing the steady state limited by the
Vc→VI transition (∼2.5 ms), the key parameters that will determine
leakage are the relative heights of the local activation barriers for
Va→Vb and Va→VIIIa. This required gating imposes an additional
purely kinetic constraint on the performance of the proton pump. Fig.
4 shows how the fast downﬂip of the deprotonated side chain of Glu-
242 (Va→Vb), with an activation barrier of only ∼0.8 pK-units, clearly
outruns the much slower leak path from Va to VIIIa (activation energy
7.5 units). The fast downﬂip of the anionic side chain of Glu-242 is
thus clearly an important additional property of the valve, and distinct
from the constraints imposed by the steady state approximation.
We have previously shown that the dynamics of the side chain of
Glu-242 is strongly dependent on the presence of water molecules in
the non-polar cavities above and below this residue [20,22,23]. The
behavior of the Glu-242 side chain discussed above is the one
observed when both cavities are hydrated. We have recently found
that Tyr-19 in the D-channel just below Glu-242 becomes deproto-
nated during turnover of enzyme variants where residues closer to the
D-channel entrance have been mutated (M.I. Verkhovsky et al.,
unpublished data). This ﬁnding suggests a scenario where any
blockade of the D-pathway below the tyrosine will favor a state
where this residue is anionic. Such blockade may for example result
from mutation of an asparagine residue to aspartate, which has been
shown to lead to loss of proton-pumping without compromising the
rate of turnover [see Introduction and ref. 29]. As a result of the
anionic Tyr-19, the water molecules between Tyr-19 and Glu-242
would be expected to prefer an orientation with their negative poles
towards Glu-242. In such a case the “down” state of the Glu-242 anion
(i.e. g−) would be destabilized at the expense of the G− state (“up”)
further away from Tyr-19. Such a scenario could lead to a signiﬁcant
increase of the occupancy of state Va relative to Vb, compromising the
thermodynamic property of the Glu valve, and thus to proton leak. MD
simulations of this situation are currently in progress to test the
feasibility of this proposal.
Another interesting aspect is the reaction IVb→Va, where the BNC
is protonated by Glu-242. Contrary to previous discussions, in which
the IV→V reaction has been described as exergonic by 4.2 [24] or 2.8
[25] pK-units, the initial step (IVb→Va) is even slightly uphill.
However, the subsequent coupling to the isomerization of the Glu-242
side chain (Va→Vb), and to protonation of this residue (Vb→Vc),
provide an overall driving force of about 6 pK-units (∼8.5 kcal/mol)
for the protonation of the reduced binuclear site at zero protonmotive
force. It is interesting that this driving force comprises three quarters
of the total energy that drives the overall reaction, emphasizing the
importance of the uptake of the “substrate proton” into the binuclear
site for the entire proton-pumping mechanism.
5. Conclusions
Here we have explored the energetics of the Glu valve, which
effectively prevents back-leakage of protons from the pump site to the
terminal proton donor in the proton-conducting D-channel. This valve
operates by providing connectivity either to the proton-conducting D-
pathway or to the sites for proton-pumping/oxygen reduction, but not
to both at the same time. Glu-242, fulﬁlling these requirements, has an
almost equal preference for both conformations when it is protonated,
but a preference over 104 for the conformation with connectivity to
the proton-conducting D-channel when it is deprotonated. The
downﬂip of the anionic Glu-242, which occurs on a ps-time scale,
kinetically ensures that the backﬂux of protons from the pump site
does not have time to take place. We show how this kinetic
1213V.R.I. Kaila et al. / Biochimica et Biophysica Acta 1787 (2009) 1205–1214requirement of the valve is just as important as the thermodynamic
preference for the down position of the carboxylate anion. The
difference between the pumping states OH and EH and the non-
pumping states O and E in the reductive phase, might link to a “dry”
enzyme in the latter case, either by fully preventing the protonation of
the pump site, or by increasing the risk of proton leaks through an
impaired Glu valve.
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